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The flavonoid, 20-methoxy-6-
methylflavone, affords neuroprotection
following focal cerebral ischaemia
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Abstract

Tonic inhibitory currents, mediated by extrasynaptic GABAA receptors, are elevated at a delay following stroke.

Flavonoids minimise the extent of cellular damage following stroke, but little is known about their mode of action.

We demonstrate that the flavonoid, 20-methoxy-6-methylflavone (0.1–10 mM; 20MeO6MF), increases GABAA receptor

tonic currents presumably via d-containing GABAA receptors. Treatment with 20MeO6MF 1–6 h post focal ischaemia

dose dependently decreases infarct volume and improves functional recovery. The effect of 20MeO6MF was attenuated in

d�/� mice, indicating that the effects of the flavonoid were mediated via d-containing GABAA receptors. Further, as

flavonoids have been shown to have multiple modes of action, we investigated the anti-inflammatory effects of

20MeO6MF. Using a macrophage cell line, we show that 20MeO6MF can dampen an LPS-induced elevation in NFkB

activity. Assessment of vehicle-treated stroke animals revealed a significant increase in circulating IL1b, TNFa and IFg
levels. Treatment with 20MeO6MF dampened the stroke-induced increase in circulating cytokines, which was blocked in

the presence of the pan-AKT inhibitor, GSK690693. These studies support the hypothesis that compounds that potenti-

ate tonic inhibition via d-containing GABAA receptors soon after stroke can afford neuroprotection.
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Introduction

Stroke is a leading cause of death and disability, with
survivors exhibiting varied levels of functional recov-
ery.1 Stroke-induced cell death occurs due to an
excess release of glutamate,2 and as such, research has
focused largely on developing neuroprotectants that act
to block glutamate-mediated cell death.2,3 In addition,
changes in g-aminobutyric acid (GABA) function fol-
lowing cerebral ischaemia and the protective benefits of
GABAergic compounds targeting synaptic GABAA

receptors (GABAARs) have been reported.4–7 Despite
GABAAR agonists showing great promise in animal
models of stroke, they have failed to translate into
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positive clinical outcomes,8 most likely due to a lack of
subtype specificity resulting in unwanted side effects,
limiting their therapeutic potential.9–11

Recently we demonstrated marked improvements
in post-stroke functional recovery that implicate extra-
synaptic GABAARs as novel targets to help stroke
sufferers.6 Importantly, dampening tonic inhibitory

currents from three days post-stroke leads to improved
functional recovery without affecting infarct size.6

However, protective mechanisms after stroke are best
achieved soon after stroke. We speculate that the ele-
vation in tonic currents is an endogenous mechanism
that is activated, albeit at a delay, to minimise the
extent of cell death (see Figure 1(a) and (b) acute

Figure 1. Stroke induces a delayed elevation in tonic GABAAR currents in layer 2/3 pyramidal neurons. Schematic showing early and

subacute treatment windows post-stroke (a). Panel (b) shows a flow diagram of the treatment windows along with treatment options

using GABA compounds targeting extrasynaptic sites. Early tonic GABA signalling limits the extent of neuronal cell death (shown in

blue), whereas tonic GABA signalling during the subacute phase (shown in red) impairs stroke recovery and therefore needs to be

dampened. Whole-cell patch-clamp recordings were made from post-stroke brain slices, within 500 mm of infarct, from layer 2/3

pyramidal neurons. Representative traces showing the tonic inhibitory currents in control (n¼ 19) and peri-infarct neurons at 3

(n¼ 8), 6 (n¼ 8), 12 (n¼ 9) and 24 h (n¼ 12) and three days (n¼ 12) post-stroke (c). Tonic currents were revealed by the shift in

holding currents after blocking all GABAARs with gabazine (SR95531);> 100mM). Box plot (whiskers: minimum and maximum; lines:

median) showing a small decrease on tonic inhibitory currents in peri-infarct cortical neurons early (3–6 h) after stroke with signifi-

cance observed at the 3 h time point, while showing a significant elevation tonic inhibition at 24 h onwards (d). Horizontal bars indicate

the application of the GABAAR antagonist SR95531. Cells were voltage clamped atþ 10 mV. *¼P< 0.05, **¼P< 0.01, ***¼P< 0.001,

compared to tonic currents from control animal. GABA: g-aminobutyric acid.
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period shown in blue).6,7 However, by day 3, the infarct
is more or less fully formed, and it is unlikely to
respond to any therapeutic interventions to minimise
the extent of cell death. Yet as activating
extrasynaptic GABAARs, containing either a5 or
d-subunits,12 is known to dampen neuronal excitability,
stimulating extrasynaptic GABAARs (within hours
after a stroke), could dampen neuronal glutamate-
mediated excitability and reduce infarct size. As the
activity and function associated with GABAARs
varies extensively, the development of ligands that
target extrasynaptic GABAARs may therefore lead to
more effective treatments for stroke.

In addition to changes in glutamate, pro-inflamma-
tory cytokines have also been previously shown to con-
tribute to delayed cell death, oedema and impaired
functional recovery. Recent work has shown that cyto-
kines can alter the expression of extrasynaptic
GABAAR subunits and impair memory.13 In addition,
GABA compounds can modulate pro-inflammatory
pathways and protect against damage.14 This indicated
that compounds that alter both GABAergic signalling
and dampen inflammation would offer a two-pronged
approach to affording neuroprotection.

Flavonoids are secondary plant metabolites involved
in a variety of biological processes including modula-
tion of GABAAR function,15–17 and modulation of
inflammatory pathways.18 In the present study, we
report that the synthetic flavonoid, 20-methoxy-6-
methylflavone (20MeO6MF), increases mouse extrasy-
naptic GABAAR activity as evidenced by the elevated
tonic inhibitory currents in brain slices. We further
show that modulation of d-containing GABAARs
within 6 h offers neuroprotection and improved func-
tional recovery and dampens the stroke-induced inflam-
matory response. Thus, our data support the hypothesis
that increasing tonic inhibitory currents early within 6h
following stroke offers a novel therapeutic approach to
minimise neuronal damage.

Material and methods

Preparation of brain slices

All experiments were approved by either the Aarhus
University Animal Ethics Committee for recordings
from hippocampal dentate gyrus granule cells
(DGGC), or the University of Otago Animal Ethics
Committee for recordings from layer 2/3 pyramidal
neurons. Recordings were performed in accordance
with the NIH Animal Protection Guidelines for the
care and use of animals for scientific purposes and are
reported according to the Animal Research: Reporting
In Vivo Experiments (ARRIVE) guidelines. C57BL/6 J
male mice were maintained on a 12:12 h light/dark cycle

with unrestricted access to food and water. For record-
ings from hippocampal DGGC, on post-natal day
18–24 (P18–P24) mice were anaesthetised with isoflur-
ane and decapitated in accordance with Danish and
European legislation regarding laboratory animals.
For whole-cell patch-clamp recordings, slices were per-
fused with bubbled ACSF (33� 1�C) at 2–3ml/min and
neurons were visualised using a custom-built infrared
microscope equipped with a 40X water-immersion
objective (Olympus, Ballerup, Denmark) and CCD100
camera (DAGE-MTI, Michigan City, IN), as described
previously.19 To improve slice quality, 3mM kynurenic
acid, 0.2mM ascorbic acid and 0.2mM pyruvic acid
were added to the ACSF used for both the slicing
and storage incubation solutions.

For recordings from layer 2/3 pyramidal neurons fol-
lowing sham or stroke mice, strokes were induced in 2–3-
month-old mice (see below) and thenmice were anaesthe-
tised with isoflurane and brains isolated from either sham
controls or 3, 6, 12 and 24h and three days post-stroke to
measure tonic currents.6 All recordings were made from
peri-infarct cortical layer 2/3 pyramidal neurons within
the primary motor cortex, as previously described.6

Neurons were voltage clamped in whole-cell configur-
ation using a MultiClamp-700B amplifier using micro-
electrodes (3–5M�) filled with a caesium-methyl-
sulfonate (CsMeSO4)-based internal pipette solution.

Both inhibitory postsynaptic current (IPSC) ampli-
tude and frequency were analysed offline using
MiniAnalysis software. For collecting the events,
IPSC amplitude threshold was set to 25 pA and
IPSCs> 25 pA were collected and the inter-event inter-
vals were calculated for these IPSCs. A 2min segment
before washing in 20MeO6MF and a 2min segment
before washing in gabazine were selected to assess the
effect of 20MeO6MF on synaptic currents.

Slice electrophysiology

For whole-cell patch-clamp recordings, slices were per-
fused with bubbled ACSF (33 � 1�C) at 2–3ml/min
and neurons were visualised, as described previously.19

Patch electrodes were prepared on a DMZ-universal
puller (Zeitz Instruments GmbH, Munich, Germany)
from thick-walled borosilicate glass (Garner Glass
Co., Claremont, CA, USA) with an open tip resistance
(3–5M�) when filled with intracellular solution con-
taining (in mM): 140 CsCl, 2 MgCl2, 0.05 EGTA and
10 HEPES, adjusted to pH 7.2 with CsOH (280–
290mosmol/kg).

Recordings were carried out using a MultiClamp
700B amplifier (Molecular Devices, Union City, CA,
USA). Voltage-clamp recordings were carried out at a
holding potential (Vhold) of �70mV. During voltage-
clamp recordings, whole-cell capacitances and series
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resistances were noted and resistances were compen-
sated by about 70% (lag 10 ms). Recordings were dis-
continued if resistances increased by> 50% or exceeded
20M�. 20MeO6MF was perfused for 5–10min before
tonic currents were assessed.

All recordings were low-pass filtered (8-pole Bessel) at
3 kHz, digitised at 20kHz, and acquired using Digidata
1440A and pCLAMP10 for recording from layer 2/3 pyr-
amidal cells or using a BNC-2110 D/A converter and a
PCI-6014 board (National Instruments, Austin, TX,
USA) and custom-written LabVIEW 6.1-based software
(EVAN v. 1.4, courtesy of Istvan Mody, CA, USA) for
recordings from DGGCs. Since a large difference in the
size of granule cells is often seen, tonic currents were
normalised to the cell capacitance in histograms to
report current density. Unpaired Student’s t-test was
used to compare means with two-tailed P< 0.05 as the
significance level. Data are presented as means�SD,
with N indicating the number of neurons.

In vivo stroke assessments and brain
uptake studies

Chemicals and reagents

Triethylamine was purchased from Sigma-Aldrich
(St Louis, MO). Acetonitrile and methanol of HPLC
grade were obtained from Merck KGaA (Darmstadt,
Germany), and water was obtained from a Millipore
purification system (Billerica, MA). 20MeO6MF was
synthesised in house as previously described.16

Mouse brain uptake study

All animal experiments were approved by the Monash
Institute of Pharmaceutical Sciences Animal Ethics
Committee and were performed in accordance with
the Australian National Health and Medical Research
Council guidelines for the care and use of animals
for scientific purposes. Male BALB/cJ Asmu mice
(6–8 weeks of age; 25–30 g) were used in brain uptake
studies, except to assess brain uptake after stroke where
male C57BL/6 J (2–3 months old) mice were used
(approved by the University of Otago, animal ethics
committee). Mice had free access to food and water
during all experimental periods. An aliquot (200 ml)
of a solution of 20MeO6MF equivalent to 30mg/kg of
body weight in a vehicle consisting of dimethyl sulfox-
ide (DMSO) (5% v/v), Tween 80 (1% v/v) and saline
(94% v/v) was administered to mice by intraperitoneal
(i.p.) injection. At 0.2, 0.5, 1, 1.5 and 2 h post-dose,
mice (n¼ 4 at each time point) were anaesthetised
with an i.p. dose of ketamine (133mg/kg) and xylazine
(10mg/kg), blood was collected by cardiac puncture
and the whole brain was removed following cervical

dislocation. To assess drug uptake after stroke, sham
or stroke mice were given a single i.p. dose of vehicle
or 20MeO6MF (30mg/kg) and sacrificed 0.5 h post-dose
(n¼ 4 mice/group). Plasma and brain samples were
stored at �20�C until analysis by HPLC. The brain
homogenate concentrations of 20MeO6MF were cor-
rected for the amount of compound remaining in the
brain microvasculature, which was calculated using a
brain microvascular plasma volume of 0.039ml/g (deter-
mined following intravenous administration of the BBB
impermeable marker14C-sucrose).

Photothrombosis model of focal ischaemia

All experiments were approved by the University of
Otago Animal Ethics Committee and were performed
in accordance with the NIH Animal Protection
Guidelines for the care and use of animals for scientific
purposes and are reported according to the ARRIVE
guidelines. Focal stroke was induced in the left hemi-
sphere using the photothrombosis method in adult (2–3
months old) male C57BL/6 J mice weighing 25–
27g.6,20–22 Briefly, under isoflurane anaesthesia (2–2.5%
in O2) mice were placed in a stereotactic apparatus, the
skull exposed through a midline incision, cleared of con-
nective tissue and dried. A cold light source (KL1500
LCD, Zeiss) attached to a 40X objective giving a 2mm
diameter illumination was positioned 1.5mm lateral from
Bregma and 0.2ml of Rose Bengal solution (Sigma; 10 g/l
in normal saline, i.p.) was administered. After 5min the
brain was illuminated through the intact skull for 15min.
Mice were housed under a 12h light/dark cycle with ad
libitum access to food and water.

20MeO6MF (0.1–30mg/kg) was dissolved in 10%
DMSO and then diluted in 0.9% saline. 20MeO6MF
was given i.p. 1 h after stroke, with a second dose
given at 24h by an independent experimenter not under-
taking any of the histological, biochemical or behav-
ioural assessments to randomise the animals and
minimise bias. All animals were randomly assigned to
a treatment group post-stroke by a person not under-
taking any of the post-stroke assessments, to ensure that
all animals in any given cage received a different treat-
ment and to maintain blindness throughout the study.
In one experiment, 20MeO6MF (30mg/kg) was dosed at
either 1, 3 or 6 h after stroke. To assess whether
20MeO6MF neuroprotection was occurring via the
AKT signalling pathway, the pan-AKT inhibitor,
GSK690693 (30mg/kg i.p), was given 1h after stroke
at the same time as 20MeO6MF.

Behavioural assessment

Animals were tested once on both the gridwalking and
cylinder tasks, one week prior to surgery to establish

Clarkson et al. 1269



baseline performance levels. For all of the studies, ani-
mals were tested one week post-stroke at approximately
the same time each day at the end of their dark cycle.
Behaviours were scored by observers who were blind to
the treatment group of the animals in the study as pre-
viously described.6,20,23

Infarct size

At seven days post-stroke animals were anaesthetised,
transcardially perfused with 4% paraformaldehyde and
brains extracted and processed histologically using
cresyl violet staining in order to quantify infarct
volume as previously described.6,20,23

Assessment of circulating pro-inflammatory
cytokine levels

Blood samples were collected into EDTA-treated tubes
three days post-stroke and plasma collected following
centrifugation at 1000� g for 10min, 4�C. Plasma was
then stored at �80�C until required for analysis of cir-
culating interleukin (IL)-1b, tumour necrosis factor
(TNF)-a and IFN-g levels.

Multiplex protein analysis

Multiplex suspension bead array immunoassay was per-
formed using the Luminex 100TM analyser (Luminex
Corporation, Austin, TX, USA) to identify a panel of
cytokines (IL-1b, TNF-a and IFN-g) using the Bio-Plex
mouse cytokine assay kit (BioRad Laboratories Inc.,
NZ), according to the manufacturer’s instructions and
as previously described.14 This is a multiplexed, particle-
based, flow cytometric assay that utilises anti-cytokine
monoclonal antibodies linked to microspheres incorpor-
ating distinct proportions of two fluorescent dyes.

Fifty microlitres of each plasma sample or cytokine
standard (diluted 1:2 in serum diluent) were pipetted
into the accompanying microtitre plate (MultiScreen
96-well filter plate), containing diluted antibody-
coated bead complexes and incubation buffer.
Samples were incubated for 30min at room tempera-
ture (in the dark). After filtering and washing with
assay diluent (100 ml/well, three times) using a vacuum
manifold, 25 ml Bio-Plex detection antibody was added
to all wells, incubated for 30min at room temperature
(in the dark) and washed as previously described. Fifty
microlitres of streptavidin–phycoerythrin was added to
all wells and incubated for 10min at room temperature
(in the dark). All microtitre wells received a final wash,
125 ml of Bio-Plex assay buffer added to each well
and analysed. A minimum of 100 events (beads)
was collected for each of the cytokines and median
fluorescence intensities were obtained. Cytokine

concentrations were automatically calculated based on
standard curve data using Bio-Plex ManagerTM soft-
ware with a detectable range of 2–32,000 pg/ml.
Calculated concentrations were exported to an Excel
spread sheet for analysis.

Assessment of LPS-induced NFkB activity
in RAWblueTM macrophage cells

RAWblueTM macrophages were grown in DMEM
supplemented with 10% heat-inactivated FBS and
200mg/ml ZeocinTM (selection agent). These cells allow
for a colorimetric assessment ofNFkB activity upon lipo-
polysaccharide (LPS) stimulation as determined by quan-
tifying the level of secreted embryonic alkaline
phosphatase (SEAP). For experiments, RAWblueTM

macrophages were seeded to a flat-bottom 96-well plate
at a density of 5� 104cells/ml (in the absence of Zeocin)
and left untreated for 16h. RAWblueTM macrophages
were then pre-incubated with 20MeO6MF (10�4–
10�3M) for 30min prior to adding in LPS (2.5ng/ml).
The supernatant was then collected 6h after LPS stimu-
lation and the levels of SEAP were determined using the
QuantiblueTM assay. Therefore, 30ml of the supernatant
and 80ml of the QuantiblueTM solution were mixed, incu-
bated at 37�C for 3 h and the absorbance read at 620nm.
Data are from three independent experiments performed
in triplicate.

GABA subunit expression in RAWblueTM

macrophage cells

GABA subunit (a1, a2, a5, b1, b2 and d) mRNA levels
were assessed by quantitative real-time polymerase chain
reaction (qPCR). Total RNA from RAWblueTM macro-
phage cultures were extracted using the Qiagen RNeasy
kit and genomic DNA was removed using DNAse
(Ambion) following the manufacturer’s protocols.
The purity (RNA with ratio of absorbance at 260 and
280 nm� 2) and amount of the RNA was measured
spectrophotometrically (NanoDrop 2000, Thermo
Scientific, USA). Total RNA (750ng) was used to syn-
thesis the first-strand complementary DNA (cDNA)
using Super Script III (Life Technologies) following
the manufacturer’s protocol. After reverse transcription,
the cDNA was amplified by qPCR using SyBr green
master mix (Applied Biosystems, Foster City, CA) and
each of the following primer (250nM) sets; a1: forward –
CATGACAGTGCTCCGGCTAA, reverse – GCCATA
CTCTGTGATACGCA; a2: forward – TTCAAAGCC
ACTGGAGGAAAAC, reverse – GCAGCAGAGAC
CATACATTGC; a5: forward – GCTGACCCAT
CCTCCAAACA, reverse – TGGAGACTGTGGGT
GCATTC; b1: forward – ATCGAGAGAGTTTGGG
GCTTC, reverse – GCTGGGTTCATTGGAGCTGT;
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b2: forward – TAGTGGGCACGAGGGTTAGA,
reverse – ATGACGATCCACCACAGCAG; d: forward
– AGGAACGCCATCGTCCTTTT, reverse – CTTGA
CGACGGGAGATAGCC; SDHA: forward – GCCCA
TGCCAGGGAAGATTA, reverse – TGTTCCCC
AAACGGCTTCTT. qPCR was performed on a
Roche Lightcycler (Roche, Minneapolis, MN) with the
following cycling parameters: 40 cycles of 95�C, 15 s;
60�C, 30 s; 72�C, 40 s. After amplification, a denaturing
curve was performed to ensure the presence of unique
amplification products. All reactions were performed in
triplicate. Expression of mRNA was assessed by evalu-
ating threshold cycle (CT) values. The CT values were
normalised against the expression level of the housekeep-
ing gene SDHA.

Statistical analysis

All data are expressed as mean� SD and plotted as box
and whisker graphs. Electrophysiological data were ana-
lysed using Mann–Whitney non-parametric tests for
comparisons between groups. To compare the cumula-
tive probabilities of IPSC inter-event intervals and amp-
litudes, significance was determined using the two-tailed
Kolmogorov–Smirnov test using MiniAnalysis software.
For histological, biochemical and behavioural assess-
ments post-stroke, one-way analysis of variances and
Newman–Keuls’ multiple pair-wise comparisons for
post hoc comparisons were used. An n¼ 5 was used
per treatment group for histological and biochemical
assessments and an n¼ 7 per group for behavioural
assessments. The level of significance was set at P< 0.05.

Power analysis

For behavioural experiments, six animals per group are
required to achieve> 80% power (86% calculated),
considering the following parameters: a¼ 0.05; with
an effect size¼ 1.5. For histological experiments, five
animals per group are required to achieve> 80%
power (91% calculated), considering the following par-
ameters: a¼ 0.05; effect size 1; three concentrations;
two groups, and correlation between measures¼ 0.5.
Parameters were determined from our prior work, in
which we have demonstrated significant behavioural
effects,6,21,22,24 and on the assumption that variance
was about 25%. It should be noted that more conser-
vative effect sizes were used for those experiments, as it
is harder to assess recovery over time between groups
than looking at the effects of drug treatments on stroke
size. Prior studies have also determined that an N¼ 4–5
for BBB permeability and biochemical assessments is
sufficient. Where possible an n-value greater than the
calculated values was used. Power calculations were
performed with G Power Software (version 3.1.5).

No deaths were reported during these studies. Two
mice were excluded from analysis, one from the stroke
group and one from the strokeþ treatment group due
to the lack of stroke being detected. This is most likely
due to experimenter error with the Rose Bengal most
likely being injected into the bladder. Additional ani-
mals were set-up to replace these two mice.

Results

Tonic inhibitory GABAAR currents are altered
at a delay after stroke

We have previously reported that tonic inhibitory cur-
rents are elevated three days post-stroke.6 As we have
not established when these currents begin to increase,
we examined tonic inhibitory currents in the peri-
infarct cortex of mice after a photothrombotic stroke
to the forelimb motor cortex. Layer 2/3 pyramidal
neuron whole-cell voltage-clamp recordings were
obtained from brain slices generated ex vivo 3, 6, 12
and 24 h after stroke and compared to recordings
obtained three days post-stroke and sham controls
(Figure 1(c)). Recordings revealed a significant treat-
ment effect (F(5,50)¼ 12.77, P< 0.0001), with record-
ings obtained at either 3 or 6 h after stroke showing a
small decrease in GABAA-receptor-mediated tonic
inhibition (33% decrease in Itonic; P¼ 0.0281 at 3 h,
n¼ 8; 21% decrease in Itonic; P¼ 0.2761 at 6 h, n¼ 8),
compared to neurons from sham controls (n¼ 19:
Figure 1(d)). In contrast, recordings 12 h after stroke
showed no differences (3% increase in Itonic; P¼ 0.7383
at 12 h, n¼ 9), whilst recordings obtained at either 24 h
or three days after stroke showed a significant increase
in tonic inhibitory currents compared to controls (57%
increase in Itonic; P¼ 0.009 at 24 h, n¼ 12; 136%
increase in Itonic; P¼ 0.0001 at three days, n¼ 12,
Figure 1(d)). These findings infer that tonic inhibitory
currents increase at a substantial delay after stroke.

20MeO6MF increases tonic inhibitory currents
in granule cells

20MeO6MF was applied to acute hippocampal slices, to
measure tonic currents in DGGCs, which predomin-
antly express d-containing GABAARs.25 Recordings
revealed a significant treatment effect (F(3,20)¼ 5.37,
P< 0.0071), in the presence of 20MeO6MF. In control
slices, application of the GABAAR antagonist,
SR95531, revealed a tonic current of 3.6� 0.7 pA (cur-
rent density 0.72� 0..43 pA/pF, N¼ 7; Figure 2(a) and
(b)). While a low concentration of 20MeO6MF (1 mM)
did not affect the SR95531-sensitive current
(3.9� 0.9 pA, current density 0.67� 0.15 pA/pF,
N¼ 5; Figure 2(a) and (b)), higher concentrations of
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20MeO6MF (3–10mM) induced a concentration-
dependent increase in tonic currents (3 mM: 8.5�
1.5 pA, 1.11� 0.39 pA/pF, N¼ 5, P< 0.05; 10 mM:
14.5� 4.1 pA, 2.56� 1.72 pA/pF, N¼ 7, P< 0.05;
Figure 2(a) and (b)).

We previously reported that 20MeO6MF can have
some effects on synaptic GABAARs.16 To assess
whether 20MeO6MF might affect GABAAR-mediated
post-synaptic currents, we carried out experiments in
the presence of TTX to isolate miniature IPSCs
(mIPSCs). mIPSC amplitudes in the presence of 1, 3
and 10 mM 20MeO6MF increased from 24.7� 2.3 pA
(N¼ 5) to 29.8� 4.2 pA (N¼ 6, P< 0.05), 31.7� 6.0
(N¼ 6, P< 0.05) and 29.9� 3.3 (N¼ 6, P< 0.05),
respectively (Figure 2(c) and (d)). No changes in the
rise time, frequency and decay of mIPSCs were

observed (Figure 2(c) and (d)). These findings are
very similar with our previous publication.26 These
observations suggest that 20MeO6MF exerts a strong
potentiation of d-containing GABAARs, and a poten-
tial, weak positive modulatory effect of the flavonoid
on synaptic GABAARs.

20MeO6MF increases tonic currents in layer
2/3 pyramidal neurons after stroke

We next assessed whether 20MeO6MF could also
increase tonic inhibitory currents after stroke in the
peri-infarct region, specifically in layer 2/3 pyramidal
neurons of the motor cortex. We show that stroke
induces a delayed increase in Itonic within the peri-
infarct region that could offer an extended therapeutic

Figure 2. 20MeO6MF acts on d-containing GABAARs and increases tonic GABAAR currents in DGGCs. The effect of 20MeO6MF on

GABAAR-mediated inhibitory currents was assessed using DGGCs. Panel (a) shows representative holding current traces across time

that were used to estimate the tonic currents from control and 20MeO6MF-treated (1–10 mM) granule cells. 20MeO6MF alone induces

a small increase in tonic inhibition in granule cells. Horizontal bars indicate the application of the GABAAR antagonist SR95531

(>100 mM). 20MeO6MF (1 and 3mM) induced little or no increase in tonic current, while 10 mM 20MeO6MF was able to induce a clear

increase in tonic current in granule cells. Panel (b) box plot (whiskers: minimum and maximum; lines: median) showing the average

(mean� SD) GABAAR-mediated current density in granule cells in control (n¼ 7) and after application of 1mM (n¼ 5), 3mM (n¼ 5)

or 10 mM (n¼ 7) 20MeO6MF. Panel (c) and (d) show that 20MeO6MF enhances phasic inhibition by increasing mIPSC amplitude at all

three doses tested (1–10 mM). Panel (c) shows representative average mIPSC (n> 50 traces) in control conditions and after application

of 20MeO6MF (1–10 mM). Panel (d) shows an overlay of both the control mIPSC trace (black) and the 10 mM 20MeO6MF mIPSC trace

(red), highlighting the increase in amplitude upon application of 20MeO6MF. **¼P< 0.05, compared to the control tonic current.

20MeO6MF: 20-methoxy-6-methylflavone.
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window to minimise the extent of cell death (Figure 1).
To assess the effects of 20MeO6MF on tonic currents
after stroke, 20MeO6MF (30mg/kg i.p.) was adminis-
tered to mice 1 h after stroke and then slices generated
2 h later, 3 h post-stroke. Based on our recordings from
acute slices generated from stroked mice treated with
20MeO6MF (30mg/kg i.p.) 3 h after stroke, we report a
36.81� 19.42% (n¼ 11) increase in Itonic compared to
vehicle-treated stroked mice (� 5.45� 12.75%, n¼ 10;
P< 0.0001: Figure 3(a) and (b)). To assess the effects of
20MeO6MF on phasic inhibitory currents we analysed
frequency and amplitude of IPSCs with and without
20MeO6MF. No difference in either amplitude or fre-
quency (inter-event intervals) of IPSCs was observed
following application of 20MeO6MF (Figure 3(c) and
(d), respectively). These data confirm our hypothesis
that systemic administration of 20MeO6MF can
increase tonic inhibitory currents, with minimal effects
observed on phasic inhibitory currents and is therefore
a viable treatment option for further investigation as a
neuroprotectant.

20MeO6MF crosses the BBB following systemic
administration

To enable correlation of in vitro and in vivo data, we
next evaluated whether 20MeO6MF crosses the mouse
BBB. We report that administration of a single i.p. dose
of 20MeO6MF (30mg/kg) to naı̈ve (Figure 4(a1)) and
stroked (Figure 4(a2)) mice resulted in robust plasma as
well as brain exposure with peak levels observed at 0.5 h
following dosing, and with concentrations declining
over the next hours. At 2 h following dosing the con-
centrations were below the limit of quantification sug-
gesting efficient clearance (Figure 4(a)). The amount of
20MeO6MF in the brain at the peak level equates to a
total brain homogenate concentration of 3–10mM, a
concentration that increases tonic inhibition in vitro.

Figure 3. 20MeO6MF increases tonic, but not phasic GABAAR

currents in layer 2/3 pyramidal neurons after stroke. Recordings

from layer 2/3 pyramidal neurons 3 h after stroke in the presence

of 20MeO6MF revealed a significant increase in tonic inhibitory

currents in mice that received an initial 30 mg/kg i.p. dose of

20MeO6MF (n¼ 11) 1 h after stroke, when compared to vehicle-

treated controls (n¼ 10 (a)). Horizontal bars indicate the appli-

cation of either 20MeO6MF or vehicle, or the GABAAR

Figure 3. Continued

antagonist SR95531. Cells were voltage clamped atþ 10 mV. Data

are presented as box plot (whiskers: minimum and maximum;

lines: median) for mean� SD (b). No change in phasic inhibitory

currents was observed in mice treated with 30 mg/kg i.p. dose of

20MeO6MF 1 h after stroke, when compared to vehicle-treated

controls ((c) and (d)). Median IPSC amplitudes were not different

(without 20MeO6MF: 46.39� 19.9 pA; with 20MeO6MF:

45.48� 21.79 pA; data collected from 2700 events: (c)).

Cumulative probability curves reveal no difference in median

inter-event intervals, i.e. no difference in frequency of IPSCs –

without 20MeO6MF (112 ms), with 20MeO6MF (119.6 ms (d)).

***¼P< 0.001, compared with strokeþ vehicle-treated controls.

IPSC: ; 20MeO6MF: 20-methoxy-6-methylflavone.
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20MeO6MF is neuroprotective and enhances
functional recovery after focal cerebral ischaemia

As not all strokes have a reperfusion component, we
investigated the protective effects of 20MeO6MF in the
focal photothrombosis model of stroke. This model has
minimal reperfusion and it is in general harder to pro-
tect against cell death. Mice were treated with an initial
i.p. dose of 20MeO6MF (0.1–30mg/kg) or vehicle 1 h
post-stroke, with a second dose given at 24 h. These
doses had no effect on body temperature (data not
shown) nor did they induce sedation. Treatment with
20MeO6MF resulted in a dose-dependent decrease in
infarct volume (F(3,16)¼ 8.435; P< 0.0014: vehicle,
2.23� 0.26mm3 versus 20MeO6MF (0.1mg/kg),
1.69� 0.12mm3, P< 0.05; 20MeO6MF (5mg/kg),
1.14� 0.73mm3, P< 0.05, and 20MeO6MF (30mg/kg)
0.89� 0.54mm3, P< 0.01: n¼ 5 per group; Figure
4(b1) and (b2)) when assessed one week post-stroke.

We next tested the mice behaviourally on both the
gridwalking (forelimb function) and cylinder (forelimb
asymmetry) tasks. Behavioural assessments revealed an
increase in the number of foot faults on the gridwalking
test (n¼ 7 per group; Figure 4(c)) and an increase in
spontaneous forelimb asymmetry in the cylinder task
(n¼ 7 per group; Figure 4(d)) one week post-
stroke.6,21 Treatment with 20MeO6MF resulted in a
dose-dependent decrease in the number of foot faults
on the gridwalking task (F(3,32)¼ 11.27, P< 0.001)
and an improvement in forelimb asymmetry in the
cylinder task F(3,32)¼ 3.081, P< 0.413).

To establish the therapeutic window for 20MeO6MF,
we treated cohorts of mice with 30mg/kg 20MeO6MF
starting 1 -, 3 - or 6 h post-stroke (Figure 4(e1 and 2)).
Assessment of infarct volume one week post-stroke
revealed a significant treatment (F(3,24)¼ 4.38,
P< 0.0113), compared to vehicle-treated stroke con-
trols (Figure 4(e1)). Treatment with 20MeO6MF
resulted in a significant decrease in infarct volume at
all three time points (vehicle: 2.33� 0.47mm3, n¼ 7
versus 30mg/kg 20MeO6MF at 1 h: 1.45� 0.71mm3,
n¼ 7, P< 0.001; 3 h: 1.89� 0.26mm3, n¼ 7, P< 0.05;
and 6 h: 1.79� 0.62mm3, n¼ 7, P< 0.05; Figure 4(e2)).

20MeO6MF is not neuroprotective following focal
cerebral ischaemia in ��/� mice

To assess whether 20MeO6MF was affording protection
via d-containing GABAARs, we induced stroke and
behaviourally tested wild-type (WT) and d-subunit
knockout mice (d�/�)27 in the presence and absence of
20MeO6MF (n¼ 6 per group). Assessment of infarct
volume seven days post-stroke revealed a significant
treatment effect (F(3,17)¼ 3.714, P< 0.032) with exten-
sive damage to the motor cortex in vehicle-treated WT

and d�/� mice (1.69� 0.08mm3, 1.44� 0.27mm3;
respectively: Figure 5(a) and (b)). Treatment with
20MeO6MF (30mg/kg i.p.) resulted in a significant
decrease in infarct volume in WT (0.9� 0.3mm3,
P< 0.05; Figure 5(a) and (b)) but not in d�/�

(1.46� 0.24mm3, P> 0.05) mice.
Behavioural assessments revealed an increase in

the number of foot faults on the gridwalking test
(Figure 5(c)) and an increase in spontaneous forelimb
asymmetry in the cylinder task (Figure 5(d)) one week
post-stroke in both WT and d�/� mice. Assessment of
functional recovery revealed a significant treatment
effect on both the gridwalk (F(3,47)¼ 5.27,
P< 0.0032) and cylinder tasks (F(3,47)¼ 3.10,
P< 0.0355). Administration of 20MeO6MF to WT
mice resulted in a significant improvement in motor
function on both the gridwalk (P< 0.01) and cylinder
tasks (P< 0.05). However, administration of
20MeO6MF to d�/� mice failed to show any improve-
ment in motor function (P> 0.05). These data suggest
that 20MeO6MF is mediating its neuroprotective effects
via d-containing GABAARs.

20MeO6MF modulates inflammatory pathways

Inflammatory processes play an important role in the
modulation and progression of stroke-induced brain
damage. The initial inflammatory response is detrimen-
tal due to the induction of apoptotic processes,27 and
stimulation of tonic GABA responses,13 which hinders
regaining function after stroke.6

To first confirm that immune cells express GABA
subunit and in turn could respond directly to a
20MeO6MF, we performed qPCR on macrophage
cells for a1, a2, a5, b1, b2 and d-subunits. Assessment
of subunit expression levels revealed that the macro-
phage cells expressed a5, b1 and d-subunits, had
low levels of a1 and b2-subunit expression and the
a2-subunit was not detectable (Figure 6(a)). We next
looked at the efficacy of 20MeO6MF to dampen an
LPS-medicated increase in NFkB activity, which is a
hallmark sign of inflammation. RAWblueTM macro-
phage cells in the presence of LPS (2.5 ng/ml) show
a marked increase in NFkB activity (P< 0.001;
Figure 6(b)), which in the presence of the vehicle
(2.5% DMSO) shows no further change. LPS-
stimulated cells treated with 20MeO6MF show a
marked decrease in NFkB activity (P< 0.001;
Figure 6(b)) with levels not being significantly different
to control unstimulated LPS controls.

To confirm our in vitro findings, we next assessed the
effects of 20MeO6MF on the inflammatory response
after stroke in vivo. In corroboration with prior studies,
we demonstrate that cerebral ischaemia results in a sig-
nificant increase in circulating pro-inflammatory
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Figure 4. 20MeO6MF crosses the BBB, is neuroprotective and enhances functional recovery after focal cerebral ischaemia. Plasma (�,

mg/ml) and brain (�, mg/g) concentrations of 20MeO6MF were assessed following a single 30 mg/kg i.p. dose to BALB/cJ Asmu mice

(n¼ 4/group: (a1)). Brain concentrations (left ipsilateral hemisphere (ipsi) and right contralateral hemisphere (contra) of 20MeO6MF

were assessed following a single 30 mg/kg i.p. dose to both sham and stroke C57BL/6 J mice 30 min post-stroke (n¼ 4: (a2)). Stroke

induces a slight increase in brain concentrations at the site of stroke only (ipsi – red solid bar) compared to sham controls (blue bars)

and the non-stroke hemisphere (contra – red chequered bar). Assessment of infarct volume was carried out by quantifying cresyl

violet stained sections generated seven days post-stroke revealed that treatment with 20MeO6MF 1 h post-stroke with a second dose

given 24 h later resulted in a dose-dependent decrease in infarct volume (0.1 mg/kg–30 mg/kg: n¼ 5/treatment group (b)).
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cytokines, IL-1b (sham control: 105.81� 8.45 pg/ml,
versus strokeþ vehicle: 190.75� 16.82 pg/ml; P<
0.01), TNF-a (sham control: 624.56� 63.42 pg/ml
versus strokeþ vehicle: 920.88� 88.01 pg/ml; P<
0.05), and interferon (IFN)-g (sham control: 624.75�
49.75 pg/ml versus strokeþ vehicle: 866.13� 67.05 pg/
ml; P< 0.05, Figure 6(c) to (e)).

Treatment with 20MeO6MF resulted in a signifi-
cant decrease in circulating IL-1b and IFN-g levels
(Figure 6(c): P< 0.05 for all doses; and Figure 6(e):
P< 0.05 for 0.1 and 5mg/kg and P< 0.01 for
30mg/kg, respectively) one and three days post-stroke.
Assessment of TNF-a revealed a dose-dependent
decrease in circulating levels that was significant for
the high dose of 20MeO6MF only (30mg/kg: P< 0.05,
Figure 6(d)). These data suggest that 20MeO6MF has
anti-inflammatory actions that are mediated via the
AKT signalling pathway.

Co-administration with the pan-AKT inhibitor
GSK690693 blocked the neuroprotection
afforded by 20MeO6MF

Pro-inflammatory cytokines have been previously
shown to contribute to delayed cell death, oedema
and impaired functional recovery. Recent work has
shown that cytokines can alter the expression of extra-
synaptic GABAAR subunits and impair memory.13

Activation of GABAARs can signal through multiple
pathways including the AKT signalling pathway.25 As
the AKT signalling pathway has been shown to play a
major role in neuroprotection, we tested the hypothesis
that inhibition of AKT could prevent 20MeO6MF-
induced neuroprotection.28

Assessment of infarct volume seven days post-stroke
revealed a significant treatment effect (F(3,31)¼ 5.49,
P< 0.0038), with the pan-AKT inhibitor, GSK690693
(30mg/kg i.p) given 1 h post-stroke, resulted in an
increase in infarct volume (strokeþAKT:
2.58� 0.58mm3, n¼ 7) compared to vehicle-treated
controls (strokeþ vehicle: 2.33� 0.47mm3, n¼ 10;

Figure 7(a)), and when administered at the same time
as 20MeO6MF completely blocked 20MeO6MF protect-
ive effects (strokeþ 20MeO6MFþAKT: 2.52� 0.99
mm3, n¼ 7: versus strokeþ 20MeO6MF: 1.45� 0.71
mm3, n¼ 7; P< 0.05). In addition, assessment of func-
tional recovery revealed a significant treatment effect on
both the gridwalk (F(3,62)¼ 14.11, P< 0.0001) and
cylinder tasks (F(3,62)¼ 16.57, P< 0.0001). Co-admin-
istration of GSK690693 with 20MeO6MF blocked the
20MeO6MF-mediated functional recovery on both the
gridwalking (P< 0.001, Figure 7(b)) and cylinder
(P< 0.05, Figure 7(c)) tasks, whilst animals treated
with GSK690693 alone performed significantly worse
compared to vehicle-treated stroke controls.
Furthermore, GSK690693 completely blocked the
effects of 20MeO6MF on circulating cytokine levels,
and when administered alone resulted in a significant
increase in circulating IL-1b (Figure 7(d)) and TNF-a
(Figure 7(e)) levels, one and three days post-stroke.

Discussion

The mechanisms whereby GABAergic compounds
achieve neuroprotection after stroke have not been
fully elucidated. One strategy to improve the perform-
ance of GABAergic compounds is to target specific
GABAAR subtypes. Subtype-specific GABAAR com-
pounds are more likely to show an effect and are
already being trialled for conditions such as Down’s
syndrome, affective disorders, schizophrenia and
autism.10,11 The need to assess subtype-specific GABA
compounds will enable us to better understand the
GABAergic processes that occur after stroke. This is
further highlighted with clinical reports showing that
zolpidem can result in a transient improvement in apha-
sia.29 Furthermore, we have previously shown that
negative allosteric modulators for a5-containing
GABAARs can enhance functional recovery when star-
ted> three days after stroke.6 It is important to note
that by day 3 after stroke, the infarct is fully formed,
and drug treatments designed to increase cortical

Figure 4. Continued

Representative cresyl violet-stained sections from vehicle-treated stroke controls and strokeþ 20MeO6MF treatment are shown in

(b1) with the quantifications shown in (b2). Behavioural measurements of functional recovery, gridwalking function for forelimb

function and cylinder task for forelimb asymmetry are shown in (c) and (d), respectively. On both tasks, similar to the histological data,

20MeO6MF resulted in a decrease in the number of foot faults on the gridwalking task and an improvement in forelimb asymmetry in

the cylinder task. The therapeutic window for 20MeO6MF (30 mg/kg dose) was assessed by starting the dose at either 1 -, 3 - or 6 h

with a second dose given 24 h post-stroke and quantifying the volume of infarction seven days later (e). Representative cresyl violet-

stained sections from vehicle-treated stroke controls and strokeþ 20MeO6MF treatment are shown in (e1) with the quantifications

shown in (e2). Assessment of infarct volumes following dosing of 20MeO6MF at 1 -, 3 - and 6 h showed a significant decrease in

infarction compared to strokeþ vehicle controls. Data are presented as mean� SD. *¼ P< 0.05, **¼P< 0.01 and ***¼P< 0.01

compared with strokeþ vehicle-treated controls. 20MeO6MF: 20-methoxy-6-methylflavone.
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excitability at or beyond this time point do not affect
the infarct size per se.6,20

GABAARs mediate both phasic and tonic inhibitory
signals.30 Tonic GABAARs in the hippocampus, cortex
and thalamus contain either a5 - or d-subunits.31,32

Antagonism of a5 - or d-subunits enhances pyramidal
neuron firing to afferent inputs19,31 and enhances neur-
onal network excitability.12 Given the primary role that
extrasynaptic GABAARs play in modulating neuronal
excitability, modulation of either a5- or d-subunits
early would offer a viable approach for dampening
the glutamate-mediated hyperexcitability.2 This is con-
firmed in the current set of experiments where we show
that 20MeO6MF can increase tonic inhibitory currents
and minimise the extent of cell death after stroke.

Flavonoids can modulate GABAergic function,15–17

with recent evidence showing that some flavonoids
can modulate tonic inhibition.33 In corroboration
with these findings, we demonstrate that the synthetic
flavonoid, 20MeO6MF, potentiates d-containing
GABAARs to modulate tonic currents in brain slice
recordings. As the subunit compositions of d-containing
GABAARs in the DGGC are predominantly a4b2d,34

and 20MeO6MF (10mM) results in a significant increase
in tonic GABA currents, our observations suggest
that 20MeO6MF exerts a strong action most likely on
d-containing GABAARs, and a potential, weak positive
modulatory action of the flavonoid on synaptic
GABAARs. This is further supported by our previous
data showing that 20MeO6MF (1–300mM) neither acti-
vates or enhances the response to GABA EC10 at recom-
binant a5b1–3g2L receptors.16 In addition, we show
that the neuroprotective effects of 20MeO6MF were
absent in the d�/�mice. The lack of an increase in infarct
volume in the d�/� mice is consistent with our previously
published data, where we report that genetic deletion
of a5 - or d-GABAARs does not affect infarct size or
neuronal number in peri-infarct cortex.6 Unlike pharma-
cological antagonism genetic deletion of a5 - or
d-GABAARs most likely triggers a compensatory upre-
gulation of the other receptor35 and therefore obscures

Figure 5. 20MeO6MF does not afford neuroprotection or

enhance functional recovery in d�/� mice after stroke. WT or

d�/� mice were dosed with 20MeO6MF (30 mg/kg i.p.) or

vehicle at 1 h after stroke with a second dose given 24 h later.

Assessment of infarct volume using cresyl violet staining was

carried out on brain sections generated seven days after

stroke. Treatment with 20MeO6MF revealed a significant

decrease in infarct volume in WT but not in d�/� mice ((a)

Figure 5. Continued

and (b)) when compared to vehicle-treated controls. Behavioural

measurements of functional recovery, gridwalking function for

forelimb function and cylinder task for forelimb asymmetry are

shown in (c) and (d), respectively. On both tasks, similar to the

histological data, 20MeO6MF resulted in a decrease in the

number of foot faults on the gridwalking task and an improve-

ment in forelimb asymmetry in the cylinder task in WT but not in

d�/� mice compared to vehicle-treated stroke controls. All data

are presented as mean� SD for an n¼ 6 per treatment group.

*¼P< 0.05 compared with strokeþ vehicle-treated WT con-

trols. **¼ P<0.01. KO: d-/- knockout; 20MeO6MF: 20-methoxy-

6-methylflavone; WT: wild type.
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their roles in neuroprotection immediately following
stroke.

We also demonstrate that increasing tonic inhibitory
currents early after stroke (within 6 h) by means of
treatment with 20MeO6MF offers a potential new
therapeutic approach for minimising stroke damage.
Despite the efficient clearance of 20MeO6MF from
plasma, it is important to note that the neuroprotective
effects of this flavonoid are still observed following sys-
temic administration to mice. Given the clearance pro-
file of 20MeO6MF, one may speculate that giving
multiple doses or intravenous infusion of 20MeO6MF
to ensure brain concentrations are maintained at thera-
peutic levels for a prolonged period of time could lead
to further improvements. Future studies will be
required to ascertain what are safe levels of change in
tonic currents. The rational here is that too much tonic
inhibition could be deleterious and result in either
receptor desensitisation,36 or increased seizure activity,
which has been reported to occur in both humans37 and
animals.38

Astrocytes play a significant role in modulating net-
work excitability via changes in tonic inhibition.39

Recently, it was shown that GABA could be released
from glial cells via the anion channel Bestrophin 1,40

which could account for the increase in extracellular
GABA observed during various pathological states,

Figure 6. 20MeO6MF decreases NFkB activity and circulating

pro-inflammatory cytokines. The level of expression for various

Figure 6. Continued

GABA subunits was assessed in the RAWblueTM macrophage cell

line. Macrophage cells were shown to express a5, b1 and d, with

very low levels of a1, a2 and b2 being detected (a). Upon

stimulation of macrophage with LPS (2.5 ng/ml) a significant

increase in NFkB activity was detected (b). Addition of the

20MeO6MF (10�3–10�4), but not the vehicle (2.5% DMSO), to

the media resulted in a significant decrease in NFkB activity (b).

Data are presented as mean� SD. þþþ¼P< 0.001 compared

with controls; ^¼P< 0.01 compared to LPS or LPSþDMSO-

treated controls. 20MeO6MF: 20-methoxy-6-methylflavone. The

effects of sham-operated controls (white bars), strokeþ vehicle

treatment (blue bars) and strokeþ 20MeO6MF treatment (red

bars) on circulating IL-1b (c), TNF-a (d) and IFN-g levels (e) were

assessed in plasma collected 1 - (solid bars) and three days

(chequered bars) post-stroke. Stroke induces a significant eleva-

tion in circulating pro-inflammatory IL-1b (c), TNF-a (d) and IFN-

g (e) levels. Treatment with 20MeO6MF dosing at 1 h with a

second dose at 24 h resulted in a significant decrease in circu-

lating IL-1b and IFN-g ((c) and (e), respectively) levels at 0.1, 5

and 30 mg/kg. Treatment with 20MeO6MF also resulted in a

significant decrease in circulating TNF-a (d) levels three days

following dosing at 30 mg/kg, but not on day 1, nor following

dosing at the either 0.1 or 5 mg/kg. All data are presented as

mean� SD. þ¼P< 0.05, þþ¼P< 0.01 and þþþ¼P< 0.001

compared with sham-operated controls; *¼P<0.05, ^¼P< 0.01

compared with strokeþ vehicle-treated controls. DMSO: ; IF:

interferon; LPS: ; TNF: tumour necrosis factor.
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Figure 7. The pan-AKT inhibitor prevents 20MeO6MF from affording protection and functional recovery. Assessment of infarct

volume seven days post-stroke revealed that treatment with 2MeO6MF (30 mg/kg i.p.) resulted in a significant decrease in infarction

(n¼ 7) compared to strokeþ vehicle (n¼ 7 (a)). Treatment with the pan-AKT inhibitor, GSK690693 (30 mg/kg i.p) given 1 h post-

stroke with a second dose at 24 h, resulted in a small increase in infarct volume (n¼ 7) compared to vehicle-treated controls, and

when administered at the same time as 20MeO6MF completely blocked 20MeO6MF protective effects (n¼ 7). Functional recovery was

assessed using behavioural measurements of forelimb functions (gridwalking (b)) and forelimb asymmetry (cylinder task (c)).

Treatment with 20MeO6MF resulted in a significant improvement in functional recovery on the gridwalking task (b) and in the cylinder

task (c). Co-administration of GSK690693 with 20MeO6MF blocked the 20MeO6MF-mediated functional recovery on both the

gridwalking (b) and cylinder (c) tasks. Animals treated with GSK690693 alone performed significantly worse on both the gridwalking
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including stroke.6,7 In addition to modulating neuro-
transmitter levels, astrocytes and infiltrating immune
cells (macrophage, lymphocytes, etc.) release cyto-
kines.41 Circulating pro-inflammatory cytokines such
as IL-1b and TNF-a contribute to delayed cell death
and oedema. GABA compounds can modulate pro-
inflammatory pathways and protect against mitochon-
drial damage.14 We show here that treatment with
20MeO6MF can attenuate circulating pro-inflammatory
cytokine levels in an AKT-dependent manner. Recent
work demonstrated that IL-1b can change the surface
expression of a5-containing GABAARs and is asso-
ciated with impaired memory.13 We show here using
20MeO6MF that a reciprocal relationship also exists
between pro-inflammatory cytokine levels and d-con-
taining GABAARs. Elevated levels of cytokines could
be associated with the delayed increase in tonic inhib-
ition after stroke.6 What we demonstrate is that
increasing tonic inhibitory currents early affords signifi-
cant protection, dampens an LPS-mediated increase in
NFkB activity and also dampens circulating cytokines
levels in an AKT-dependent manner. Even though the
relationship between circulating cytokine levels and
changes in tonic inhibitory currents was first docu-
mented by Wang et al.,13 the mechanisms linking the
two remain poorly understood. What we hypothesis is
happening is that the infiltration of immune cells trig-
gers a local release cytokines in peri-infarct regions,
which in turn contributes to an increase in tonic inhibi-
tory currents. A change in tonic inhibitory current
does not itself directly affect cytokine levels unless the
compound being used acts directly on immune cells to
prevent the release of cytokines. We show that
20MeO6MF not only increases cortical pyramidal
neuron tonic inhibitory currents, but also acts on
immune cells to dampen NFkB activity and release of
cytokines. Increasing tonic inhibitory currents does not
increase inflammation or cytokine levels, which is why
such compounds can be used early after stroke to pre-
vent damage; however, an increase in circulating cyto-
kines can lead to an increase in tonic inhibitory
currents.

In summary, we demonstrate that enhancing tonic
inhibition early, within hours of inducing a stroke,
affords protection, enhances motor recovery and dam-
pens circulating pro-inflammatory cytokine levels.

Importantly, this highlights the need to develop new
and better subunit-specific compounds. Together, our
results further identify d-containing GABAARs as
novel pharmacological targets for stroke and provide
a rational basis for developing future therapies to min-
imise the extent of cell death and promote recovery
after stroke and possibly other brain injuries.
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